e Both interleukin-17A (IL-17A) and IL-17F are proinflammatory cytokines that have an important role in intestinal homeostasis via receptor signaling. These cytokines have been characterized in chickens, but very little is known about their receptors and their functional activity. We provide here the first description of the sequence analysis, bioactivity, and comparative expression analysis of chicken IL-17RA (chIL-17RA) in chickens infected with Salmonella and Eimeria, two major infectious agents of gastrointestinal diseases of poultry of economic importance. A full-length chIL-17RA cDNA with a 2,568-bp coding region was identified from chicken thymus cDNA. chIL-17RA shares ca. 46% identity with mammalian homologues and 29.2 to 31.5% identity with its piscine counterparts. chIL-17RA transcript expression was relatively high in the thymus and in the chicken macrophage cell line HD11. The chIL-17RA-specific small interfering RNA inhibits interleukin-6 (IL-6), IL-8, and IL-1␤ mRNA expression in chicken embryo fibroblast cells (but not in DF-1 cells) stimulated with chIL-17A or chIL-17F. Interaction between chIL-17RA and chIL-17A was confirmed by coimmunoprecipitation. Downregulation of chIL-17RA occurred in concanavalin A-or lipopolysaccharide-activated splenic lymphocytes but not in poly(I·C)-activated splenic lymphocytes. In Salmonella-and Eimeria-infected chickens, the expression levels of the chIL-17RA transcript were downregulated in intestinal tissues from chickens infected with two Eimeria species, E. tenella or E. maxima, that preferentially infect the cecum and jejunum, respectively. However, chIL-17RA expression was generally unchanged in Salmonella infection. These results suggest that chIL-17RA has an important role in mucosal immunity to intestinal intracellular parasite infections such as Eimeria infection.
T
he interleukin-17 (IL-17) cytokine family consists of six similar members (IL-17A, IL-17B, IL-17C, IL-17D, IL-17E [also called , and IL-17F), which vary in amino acid sequence homology and biological function. IL-17 cytokines as homodimers or heterodimers generally function through engagement of the IL-17 receptor (IL-17R) family, which includes five molecules (IL-17RA, IL-17RB, IL-17RC, IL-17RD, and IL-17RE) (1) (2) (3) . The heterodimer of IL-17RA and IL-17RB is a receptor for IL-17E. The heterodimer composed of IL-17RA and IL-17RC acts as a receptor for homodimers or heterodimers of IL-17A and IL-17F (3, 4) . These single transmembrane domain-containing receptors possess certain conserved structural characteristics, including two extracellular fibronectin III-like domains and a cytoplasmic SEF (similar expression to FGF)/IL-17R (SEFIR) domain. The SEFIR domain of IL-17R interacts with Act1 (NF-B activator 1). This complex allows the incorporation of TRAF6 to induce the activation of NF-B, C/EBP, or AP-1 and the production of proinflammatory cytokines (1, (5) (6) (7) .
IL-17RA was initially identified in the murine EL4 cDNA expression library, which encodes a type 1 transmembrane protein of 864 amino acids, resulting in a 97-kDa transmembrane receptor (8) . IL-17RA mRNA is widely expressed in the brain, spleen, lung, liver, and kidney, with particularly high levels in lymphoid tissues (8) . IL-17RA mRNA has also been detected in epithelial cells, fibroblasts, B and T lymphocytes, myelomonocytic cells, mesenchymal stem cells, and macrophages (8) (9) (10) (11) , which suggests that it is involved in a variety of biological activities. IL-17RA expression increases in the lungs of C3H/HeN mice infected with Chlamydia muridarum (12) and in the bladders of bacillus Calmette-Guerin (BCG)-stimulated mice (13) . IL-17RA knockout mice have a reduced survival rate after Toxoplasma gondii infection (14) and Klebsiella pneumoniae inoculation (15, 16) . In contrast, IL-17RA-deficient mice have an increased survival rate after infections with Toxoplasma gondii (17) or Trypanosoma cruzi (18) .
The growing literature on the importance of the IL-17/IL-17R axis in host defense includes many studies that describe the critical role of the IL-17 family of cytokines in avian immune responses (19) (20) (21) (22) . Three cytokines-IL-17A, IL-17D, and IL-17F-have been identified in an expressed sequence tag (EST) cDNA library prepared from intestinal intraepithelial lymphocytes (IELs) of Eimeria-infected chickens (23) , from a testis cDNA library prepared from Korean native chickens (24) , and from concanavalin A (ConA)-activated chicken splenic lymphocytes (19) , respectively. However, additional IL-17 receptors remain to be identified in this economically important species. In the present study, we described a full-length cDNA encoding a chicken IL-17RA (chIL-17RA) protein, together with expression and bioactivity studies, to gain better insight into its function in chickens. Real-time reverse transcription-PCR (RT-PCR) was used to evaluate expression profiles of chIL-17RA in chickens infected with two distinct gastrointestinal infectious organisms, Salmonella and Eimeria.
MATERIALS AND METHODS

Animals and infections.
Male ROSS chicks (Samhwa, Chungnam, South Korea) were given unlimited access to anticoccidial/antibiotic-free feed and water. Constant light was provided for the duration of the experiments. Fifty 10-day-old chicks were infected via the oral route with 10 4 sporulated Eimeriatenella (Korean isolate 291-7) (25) or E. maxima (Korean isolate 291-3) (26) oocysts and transferred to disposable cages (27) . Eimeria spp. present in feces were cleaned by flotation on 5.25% sodium hypochlorite and washed three times with phosphate-buffered saline (PBS). Samples of intestine were collected from five chicks at 0, 1, 4, 7, and 10 days postinfection. Forty 14-day-old chicks were infected via the oral route with 2 ϫ 10 8 CFU of S. gallinarum or S. Typhimurium. Salmonellae spp. that were grown overnight to stationary phase in Luria-Bertani broth at 37°C with aeration were used for the infection. Samples of liver and spleen were collected from five chicks at 0, 1, 4, and 7 days postinfection. Control chicks received the same volume of PBS. All animal experiments were approved by the Institutional Animal Care and Use Committee at Gyeongsang National University, Jinju, Republic of Korea.
Cloning of chicken IL-17RA. Total RNA was extracted from thymus using RiboEx reagent (Geneall, South Korea) and was treated with RNasefree DNase I (Fermentas, Canada). Single-stranded cDNA was synthesized from total RNA using oligo(dT) primers and a Transcriptor firststrand cDNA synthesis kit (Roche Applied Science, Germany). Based on a predicted cDNA sequence (accession number XM_416389), 5=/3=-rapid amplification of cDNA ends (RACE) was performed using chIL-17RA-specific primers (for 5= RACE, 5=-CCTCCATGGGTTAAAGCTCA-3=; for 3= RACE, 5=-GCAGAGCTGATGAACATGA-3=) with thymus cDNA, a high-fidelity DNA polymerase (Bioneer, South Korea), and a 5=/3= RACE kit (5=/3= RACE Second Generation; Roche Applied Science) according to the manufacturer's instructions. PCR products were cloned into TA vectors (RBC, Taiwan) and then sequenced (Macrogen, South Korea). A DNA Engine thermocycler (Bio-Rad, USA) was used for the PCR with the following cycles: 5 min at 95°C, followed by 30 cycles of 1 min at 95°C, 1 min at 55°C, and 2 min at 72°C, with a final 5-min extension at 72°C. The cDNA sequence was submitted to GenBank (accession number KF743557).
Sequence analysis. Protein identification was performed using the Expert Protein Analysis System (ExPASy [www.expasy.org/tools/]). The signal peptide sequence was predicted using the SignalP 4.1 software program (http://www.cbs.dtu.dk/services/SignalP). Domain structures were predicted using SMART6 (http://smart.embl-heidelberg.de) (28) and DomPred (http://bioinf.cs.ucl.ac.uk/dompred) software (29) . Amino acid multiple alignments were generated using CLUSTAL Omega software (http://www.ebi.ac.uk/Tools/msa/clustalo/). Prediction of disulfide bond partners was performed using DiANNA 1.1 software (30) . Homology analysis was performed using MatGat software (31) .
Cell culture. Primary splenic lymphocytes from 3-week-old chickens and established chicken cell lines, HD11 macrophages (32), DF-1 fibroblast cells (33) , DT40 B cells (34) , and CU205 and CU91 reticuloendotheliosis virus (REV)-transformed lymphoblast cell lines (35) were cultured in Dulbecco modified Eagle medium (DMEM; HyClone, USA) supplemented with 10% fetal bovine serum and penicillin-streptomycin (10,000 U/ml; HyClone) at 41°C in 5% CO 2 . Splenic lymphocytes were resuspended to 5 ϫ 10 6 cells/ml and stimulated with 25 g/ml poly(I·C) and 10 g/ml lipopolysaccharide (LPS from E. coli O111:B4; Sigma-Aldrich) or 10 g/ml ConA (Amersham Bioscience, Sweden) for 0, 4, 8, 24, 48, or 72 h. Primary chicken embryonic fibroblasts (CEF) were isolated from 11-day-old embryos and cultured as described above.
Plasmid construction and cell transfection. Full-length chIL-17RA cDNA harboring myc (chIL-17RA-myc) was amplified from single-stranded cDNA harvested from thymus by PCR using the following specific primers (5=-GATCAAGCTTGCTATGGCGGGTGCGGGGCGGCCGGG-3= and 5=-GATCGAATTCCTACAGATCCTCTTCTGAGATGAGTTTTTGTTCACA GTCCTCTGGAGATGGGCTCAT-3=). Primers contained HindIII and EcoRI restriction enzyme sites (single underline) and myc sequences (boldface). PCR products were digested with HindIII and EcoRI and cloned into the corresponding restriction sites of pcDNA3.1 (Invitrogen, USA). The cells were transiently transfected into COS-7 cells with 10 g of constructs or empty vector (negative control) using Lipofectamine reagent (Invitrogen) according to the manufacturer's instructions. Growth media were replaced with serum-free media 5 h posttransfection. Cells were incubated for an additional 24 or 48 h in serum-free DMEM at 37°C in 5% CO 2 and, when necessary, treated with peptide-N-glycosidase F (PNGase F; New England BioLabs, USA).
Immunoprecipitation. COS-7 cells were transfected with chIL-17RA-myc or with chIL-17A (19) using Lipofectamine reagent according to the manufacturer's instructions. Lysates from chIL-17RA-myc-transfected COS-7 were incubated with concentrated supernatant from chIL-17A for 3 h. Anti-myc rabbit antibody (Cell Signaling, USA) and protein A-agarose beads (Cell Signaling) were added, followed by incubation at 4°C overnight. After incubation, the beads were washed five times with nondenaturing lysis buffer, boiled with sample buffer, separated by SDS-PAGE, and analyzed by Western blotting.
Western blot analysis. The samples were mixed with equal volumes of sample buffer (0.125 M Tris-HCl [pH 6.8], 4% SDS, 20% glycerol, 10% 2-mercaptoethanol, and 0.004% bromophenol blue), heated for 5 min at 95°C, resolved on 10% SDS-polyacrylamide gels, and electroblotted onto polyvinyl difluoride membranes (Bio-Rad). Membranes were blocked with PBS containing 1% nonfat dry milk for 16 h at 4°C. The membranes were then incubated overnight at 4°C with chIL-17A monoclonal antibody (1G8) (27) or anti-myc rabbit antibody (Cell Signaling). After three washes with PBS containing 0.05% Tween 20 (PBS-T), the membranes were incubated with horseradish peroxidase-conjugated anti-mouse or anti-rabbit IgG antibody (Promega, USA) in PBS containing 1% nonfat dry milk for 40 min at room temperature. Membranes were washed five times with PBS-T, followed by five washes with distilled water, visualized using an enhanced chemiluminescence kit and Western blotting detection reagents (GE Healthcare Life Sciences, USA). They were detected using the ChemiDoc imaging system (Bio-Rad, USA).
RNA interference. CEF cells were transfected with 100 nM chIL-17RA-specific small interfering RNA (siIL-17RA; data not shown) using Lipofectamine RNAiMAX (Invitrogen) according to the manufacturer's instructions. Briefly, CEF cells were seeded at a density of 5 ϫ 10 5 cells per well in six-well plates and transfected with siIL-17RA-Lipofectamine complexes. After 24 h posttransfection, the cells were stimulated with the supernatant of COS-7 cells transfected with chIL-17A or chIL-17F for another 24 h. Total RNA was extracted from the CEF cells using RiboEx reagent (Geneall, South Korea), treated with RNase-free DNase I (Fermentas, Canada) and used for analysis of IL-6, IL-8, IL-1␤, and transforming growth factor 1␤ (TGF-1␤) by real-time quantitative PCR. A nontargeting siRNA (siNC) was used as a negative control for non-sequence-specific effects (Bioneer, South Korea; data not shown).
Quantitative real-time RT-PCR. Normal tissues, mitogen-activated splenic lymphocytes, and tissue samples pooled from five chickens infected with Eimeria and Salmonella spp. were subjected to real-time RT-PCR analysis in triplicate. Random hexamer primers were used for the cDNA synthesis. The real-time RT-PCR was performed using a CFX96 real-time PCR system (Bio-Rad) with SYBR green (Bioneer) and the primers (data not shown). A melting curve was obtained at the end of each run to verify the presence of a single amplification product without primer dimers. Standard curves were generated using serial, 5-fold dilutions of thymus cDNA. The relative expression levels of individual tran-scripts were quantified with ␤-actin as a reference for normalization using Bio-Rad CFX software (19) .
Statistical analysis. Data were analyzed using the Student t test or a one-way analysis of variance (ANOVA), followed by Dunnett's multiplecomparison test (InStat software; GraphPad, San Diego, CA). Differences were considered significant at a P value of Ͻ0.05. The data were expressed as means Ϯ the standard errors (SE) of triplicate trials from two or three independent experiments.
RESULTS
Cloning and characterization of chIL-17RA cDNA. Full-length cDNA of chIL-17RA was first cloned from chicken thymus cDNA. The chIL-17RA cDNA was ϳ3.3 kb and contained a 2,568-bp open reading frame predicted to encode a putative 855-aminoacid protein with a calculated molecular mass of 96.58 kDa (nonglycosylated) and an isoelectric point of 4.98. The chIL-17RA amino acid sequence contained a signal sequence (amino acids 1 to 27), an extracellular region (amino acids 28 to 313), a transmembrane region (amino acids 314 to 336), and an extremely long cytoplasmic region (amino acids 337 to 855) (Fig. 1A) . Amino acid sequence comparison using MatGat software (31) indicated that chIL-17RA shared ca. 46% identity with its human, mouse, and rat counterparts and 29.2 to 31.5% identity with trout, salmon, and zebrafish. The chIL-17RA shared ca. 12.0 to 22.1% identity with other IL-17R family members.
chIL-17RA contained a putative extracellular fibronectin IIIlike domain (FnIII) and an intracellular SEFIR domain (Fig. 1A) . A multiple alignment with human and mouse revealed conservation of 17 cysteine residues. Twelve of these residues were predicted to be involved in the formation of disulfide bonds by DiANNA software (30) . The translated chIL-17RA sequence also contained four potential N-linked glycosylation sites (Asn-X-Ser/ Thr) in the extracellular region (Fig. 1A) .
Distribution of chIL-17RA mRNA in normal tissues, cell lines, and mitogen-stimulated splenic lymphocytes. Quantitative RT-PCR analysis was used to examine the expression of chIL-17RA transcripts in various normal tissues and six chicken cell lines ( Fig. 2A and B) . The expression of chIL-17RA transcripts was detected in all normal tissues and cell lines, including relatively high expression in thymus, HD11, CU205, and CEF. The muscle and CU91 expressed very weak levels of chIL-17RA transcripts. For ConA-, poly(I·C)-, or LPS-stimulated splenic lymphocytes (Fig. 2C) , chIL-17RA mRNA transcript was significantly downregulated at all time points in ConA-and LPS-stimulated splenic lymphocytes compared to unactivated and cultured splenic lymphocytes but not in poly(I·C)-stimulated samples.
Molecular mass of IL-17RA. Compared to seven or eight Nglycosylation sites in mammalian IL-17RA genes (e.g., human and mouse), the chIL-17RA gene included four N-glycosylation sites in the extracellular region. Thus, molecular masses of chIL-17RA were identified in PNGase F-treated COS-7 cells transfected with a chIL-17RA-myc construct. An 89.7-kDa protein (lower arrow in Fig. 3A ; calculated molecular mass of 96.58 kDa) is likely the backbone of chIL-17RA, and the 96.6-kDa protein (upper arrow) represents an N-linked glycosylated form of the protein. The band was confirmed as the chIL-17RA molecule using matrix-assisted laser desorption ionization-time of flight mass spectrometry and analysis of the peptide sequence (see Fig. S1 in the supplemental material).
Interaction between chIL-17RA and chIL-17A. We used coimmunoprecipitation experiments to determine whether chIL-17RA interacts with chIL-17A. Lysates of chIL-17RA-myc transfected COS-7 were incubated with the supernatants of chIL-17A-transfected COS-7 and analyzed by Western blotting. The observed interaction did not appear to be due to nonspecific binding to protein A-beads, myc proteins, and 1G8 antibody (Fig. 3B,  lanes 1, 2, and 3) , whereas chIL-17RA eluted together with chIL-17A (Fig. 3B, lane 4) , suggesting that chIL-17RA directly interacts with chIL-17A.
Inhibition of cytokine production by chIL-17RA-specific siRNA in CEF. Three small interfering RNA (siRNA) sequences targeting genes within the intracellular region (siIL-17RA-1 and -2) and extracellular region (siIL-17RA-3) of chIL-17RA were synthesized. All siRNA sequences were evaluated for their capacity to inhibit expression of chIL-17RA transcript in primary CEF transfected with siIL-17RA for 24 h by quantitative RT-PCR analysis (Fig. 4A) . All siRNA sequences induced a significant reduction of chIL-17RA mRNA expression compared to the nonsense siRNA (siNC) and the nontreated cells (NC) used as a negative control. Inhibition was most efficient with the siIL-17RA-2 molecule, reducing chIL-17RA mRNA expression by up to 80.6% (Fig. 4A) .
To determine the inhibitory effect of the siIL-17RA-2 sequence on the production of IL-6, IL-8 IL-1␤, and TGF-␤1 (also designated TGF-␤4) (36, 37) cytokines, CEF cells transfected with siIL-17RA-2 were stimulated with chIL-17A or chIL-17F for 24 h. Compared to cells transfected with the nonsense siRNA (siNC) used as a negative control, the siIL-17RA-2 in cells stimulated with chIL-17A or chIL-17F significantly inhibited the expression levels of IL-6 and IL-1␤ mRNA. IL-1␤ mRNA expression was reduced by 69.6 and 73.6% in chIL-17F-and chIL-17A-stimulated samples, respectively. IL-8 mRNA expression was significantly reduced only in the chIL-17A sample (Fig. 4B to D) . No significant difference in expression levels of TGF-␤1 mRNA (also designated TGF-␤4) was observed both in chIL-17F and chIL-17A samples (Fig. 4E) .
The fibroblast cell line DF-1 transfected with siIL-17RA-2 was Gene expression levels were normalized with ␤-actin and calibrated with DF-1 cell expression. (C) Splenic lymphocytes were isolated from 3-week-old chickens, and activated with 10 g/ml ConA, 10 g/ml LPS, or 25 g/ml poly(I·C) for the indicated times. The y axis represents the fold change in expression of chIL-17RA from activated lymphocytes, compared to unactivated and cultured splenic lymphocytes. Expression levels were normalized to ␤-actin. All data represent the means Ϯ the SE of triplicate trials from two or three independent experiments. P Ͻ 0.05 ‫)ء(‬ or P Ͻ 0.01 ‫)ءء(‬ were considered to be statistically significant. stimulated with chIL-17A or chIL-17F for 24 h. However, no inhibition was observed in expression levels of IL-6, IL-8 IL-1␤, or TGF-␤1 mRNA. However, all siRNA sequences induced a significant reduction of chIL-17RA mRNA expression in comparison with siNC or NC used as a negative control (see Fig. S2 in the supplemental material). Therefore, we investigated whether chIL-17RA transcript is differentially expressed between CEF and DF-1 cells. It is interesting that chIL-17RA transcript expression was ϳ3.1-fold higher in CEF cells compared to DF-1 cells (Fig. 4F) . Quantitative analysis of chIL-17RA mRNA expression in Salmonella-and Eimeria-infected chickens. Using quantitative realtime PCR, the expression profiles of chIL-17RA, IL-17A, IL-17F, IFN-␥, and IL-1␤ were determined in the livers and spleens of chickens infected with S. gallinarum or S. Typhimurium (Fig. 5) . Expression profiles were also generated from intestinal tissue samples from chickens infected with two Eimeria species, E. tenella and E. maxima, which preferentially infect the cecum and jejunum, respectively (Fig. 6 ). Compared to levels in normal spleen and liver, the expression levels of chIL-17RA mRNA were unchanged in the spleens and livers of chickens infected with S. gallinarum or S. Typhimurium. (Fig. 5A and B) . Expression levels of the IL-17A, IL-17F, IFN-␥, and IL-1␤ were generally elevated on day 4 and 7 in the spleen and liver of chickens infected with S. gallinarum, but not S. Typhimurium, which displayed an increased IL-17A and IL-17F expression in the spleen on day 7 postinfection (Fig. 5C to J) .
Compared to uninfected chickens, the expression levels of chIL-17RA transcript were generally downregulated in the jejuna and ceca of E. maxima-or E. tenella-infected chickens (Fig. 6A) . The expression levels of chIL-17F and chIL-17A transcripts were highly expressed on days 4 and 10 after E. maxima infection, respectively. However, the expression levels of chIL-17A and chIL-17F transcripts were unchanged in E. tenella infection (Fig. 6B and  C) . Eimeria species are intracellular protozoan parasites that typically invade intestinal epithelial cells and induce increased levels of cytokine genes (e.g., IL-1␤ and IFN-␥) (25, 38, 39) . Therefore, IL-1␤ and IFN-␥ transcript levels were monitored postinfection. Compared to control chickens, IL-1␤ transcript expression was ϳ5.0-fold higher on day 10 only in E. maxima-infected chickens (Fig. 6D) . The IFN-␥ transcript expression levels were approximately 42.4-and 13.5-fold higher in E. tenella-infected chickens on days 7 and 10, respectively. In E. maxima-infected chickens, the IFN-␥ transcript expression was ϳ7.9-fold higher on day 7 (Fig.  6E) . Given that the infections with Eimeria were successful and that the samples were prepared properly, the reduction in chIL-17RA mRNA may be caused by either of the intracellular protozoan parasites, E. maxima or E. tenella.
DISCUSSION
IL-17RA functions as the signal-transducing component for homodimers and heterodimers of IL-17A and IL-17F and for homodimers of IL-17E (3). Our previous studies have demonstrated that chIL-17A and chIL-17F of CEF induced the expression of inflammatory cytokines such as IL-1␤, IL-6, or IL-8 (19, 22, 23) . We have described here full-length cDNA encoding chicken IL-17RA and demonstrated specific siRNA-mediated inhibition of inflammatory cytokine transcripts in CEF cells stimulated with chIL-17A or chIL-17F.
ChIL-17RA is a transmembrane protein composed of a 286-amino-acid extracellular region, a 23-amino-acid transmembrane region, and a 519-amino-acid intracellular region. ChIL-17RA revealed a putative extracellular FnIII domain and an intracellular SEFIR domain, which are common structural characteristics of the IL-17R family (3, 7, 40) . Multiple alignment of chIL-17RA between mammalian counterparts revealed a high degree of conservation within an intracellular SEFIR domain which shared a 68 to 72% identity. This result suggests that signaling pathways engaged by IL-17RA are similar between chickens and mammals. Generally, similar to chIL-17A and chIL-17F, chIL-17RA (19, 23) shared higher identity with mammalian IL-17RA than did piscine IL-17RA. Twelve of the many conserved cysteine residues that are potentially involved in the formation of disulfide bonds (e.g., in To determine the size of the chIL-17RA backbone, cell lysate was incubated with 500 U of PNGase F (lane 3) at 37°C for 1 h. Cell lysates from COS-7 cells were separated using SDS-PAGE under reducing conditions, followed by Western blotting with mouse anti-myc antibody. The data represent two independent experiments with similar pattern results. (B) Interaction between myc-tagged chIL-17RA and chIL-17A. Lysate of COS-7 cells transfected with chIL-17RA-myc construct was incubated with the concentrated supernatant of chIL-17A transfected COS-7, followed by incubation with anti-myc rabbit antibody. The complex was precipitated using protein A-agarose. The precipitate was separated using SDS-PAGE under reducing conditions and immunoblotted with 1G8, a specific antibody for chIL-17A (27) (row c). The nonimmunoprecipitated samples were blotted as loading controls (rows a and b). The data represent three independent experiments with similar results. mammalian IL-17RA) were also present in chIL-17RA. In rainbow trout IL-17RA, eight of the conserved cysteines were predicted to be involved in the formation of four disulfide bridges (40) . The length of chIL-17RA amino acid sequence is shorter than vertebrate IL-17RA, except in the zebrafish (accession no. NP_001093473), which encodes 782-amino-acid sequences.
Distribution analysis of chIL-17RA transcript revealed a relatively high expression in the normal thymus and heart. These observations agree with the high expression of IL-17RA mRNA in the thymus of rainbow trout (40) and wild-type mice (11) . Mouse IL-17RA mRNA is also preferentially expressed in immune cells such as T cells and macrophage cell lines (11) . Generally, upregulation of Th17 cytokines and IL-17RA expression has been implicated with myocarditis, hypertrophy, myocardial injury, and myocardial infarction (41) (42) (43) , although the reason why there is high expression of chIL-17RA in chicken heart tissues compared to muscles remains to be investigated. In our study, a relatively large amount of IL-17RA transcript was detected in two chicken cell lines, HD11 macrophage and CU205 REV-transformed lymphoblast cell lines. Interestingly, high levels of IL-17A and IL-17F transcripts were detected in CU205 cells (19, 23 ) that express T cell receptor 3 (TCR3), but not CD3, CD4, CD8, TCR1, or TCR2 (35) , and carry a NK cell marker as identified by 28-4 monoclonal antibody (23, 44) . To investigate whether the mRNA expression pro- files of chIL-17RA could be modulated, primary CEF cells were stimulated in vitro (Fig. 2C) . The expression levels of chIL-17RA were unchanged or decreased significantly in splenic lymphocytes stimulated with ConA, LPS, or poly(I·C). Similarly, after LPS stimulation, mouse IL-17RA is significantly reduced in bone marrow-derived macrophages, but the expression levels are unchanged in poly(I·C) (45) . In contrast, rainbow trout IL-17RA transcript increases in head kidney primary leukocytes activated with poly(I·C) but do not change with LPS stimulation (40) . These findings suggest that in vitro expression profiles of IL-17RA may differ between birds and fish.
A heterodimer composed of IL-17RA and IL-17RC acts as a receptor for IL-17A and/or IL-17F (3, 4) . A suppressive role of RNA interference was not apparent in the DF-1 fibroblast cell line stimulated with chIL-17A and chIL-17F (see Fig. S2 in the supplemental material). This observation can be partly explained by less expression of chIL-17RA transcript in DF-1 cells than in primary CEF. The availability of chicken IL-17RC that remains to be identified will enhance future study of the role of chIL-17RA complexes.
Salmonella species are important zoonotic pathogens that cause distinct gastrointestinal diseases in humans and animals, including chickens. This pathogen enters the small intestine and is carried to various organs, including the spleen and liver (46) (47) (48) . Expression of chicken IL-17 transcript increases in the cecum during Salmonella enterica serovar Enteritidis infection (20, 49) . In the present study, chIL-17RA, the receptor for chIL-17A and chIL-17F, was largely unresponsive in the liver and spleen during S. gallinarum or S. Typhimurium infection. However, chIL-17A and chIL-17F transcripts were upregulated in the liver and spleen during S. gallinarum infection. Consistently, the chIL-17A protein was mainly detected in the liver and spleen in S. gallinarum-infected chickens (see Fig. S3 in the supplemental material). IL-17RA expression increases in the lungs of Chlamydia-susceptible C3H/HeN mice infected with Chlamydia muridarum, but not in Chlamydia-resistant C57BL/6 mice (12). On the other hand, IL- sporulated E. tenella or E. maxima oocysts. Intestinal tissues (jejunum for E. maxima and cecum for E. tenella) were collected on 0, 1, 4, 7, and 10 days after infection. Tissue samples were pooled from five chickens. The expression levels of chIL-17RA and related cytokines were analyzed using quantitative real-time PCR. Gene expression levels were normalized with ␤-actin and calibrated with expression of uninfected group. All data represent the means Ϯ the SE of triplicate trials from two independent experiments. P Ͻ 0.05 ‫)ء(‬ or P Ͻ 0.01 ‫,)ءء(‬ E. maxima-infected chickens compared to uninfected chickens; P Ͻ 0.01 ( † †), E. tenella-infected chickens compared to uninfected chickens.
17RA expression increases in the bladders of BCG-stimulated C57BL/6 mice (13). Compared to wild-type C57BL/6 mice, IL-17RA-deficient C57BL/6 mice exhibit higher Helicobacter pylori colonization density (50) , elevated bacterial burdens following Staphylococcus aureus infection (51) , and increased mortality following Klebsiella pneumoniae inoculation (15, 16) . It is noteworthy that expression levels of IL-17RA transcript are upregulated or downregulated depending on which rainbow trout organs are infected intraperitoneally with Yersinia ruckeri (40) .
Eimeria species, etiological agents of distinct gastrointestinal diseases, cause the most costly diseases that affect the poultry industry worldwide (21, 52) . The chIL-17A expression increases in the duodenum and jejunum of E. acervulina-and E. maximainfected chickens, respectively (53, 54) . Expression levels of chIL-17A transcript are upregulated or downregulated in the cecum of E. tenella-infected chickens (19, 22, 53) . In the present study, when chickens were infected with E. tenella (cecum) or E. maxima (jejunum), the chIL-17A expression increased during E. maxima infection but was unchanged during E. tenella infection. IFN-␥ transcript, but not IL-17A and IL-17F, was highly expressed on days 7 and 10 in E. tenella-infected chickens (Fig. 6 ). IFN-␥ can function as a negative regulator of IL-17 synthesis (55, 56) . We also found that expression levels of chIL-17RA transcript were generally downregulated in chickens infected with E. maxima or E. tenella. Similarly, expression levels of IL-17RA are significantly reduced in kidney of rainbow trout infected with the parasite Tetracapsuloides bryosalmonae (40) , and IL-17RA knockout mice challenged with Toxoplasma gondii displayed reduced mucosal damage (14) . However, discrepancies in survival rates occur in IL-17RA knockout mice infected orally with 30 cysts of the 76K strain of T. gondii, an intracellular protozoan parasite (14, 17) .
The avian immune system provides an important model for the study of comparative immunology. We cloned chIL-17RA among several chicken IL-17 receptors and investigated expression patterns and functions. In expression profiles of chIL-17RA transcript in chickens infected with two distinct gastrointestinal diseases caused by Salmonella or Eimeria, the chIL-17RA was significantly decreased in E. tenella and in E. maxima infection. This result indicates that chIL-17RA-mediated immunoregulation has an important role in local defenses against intracellular parasitism. Further studies using IL-17RA knockout chickens or other Eimeria species will be required to understand the specific contribution of the chIL-17RA molecule during Eimeria infection.
